The angle of incidence reflectivity of a bounded acoustic pulse from water loaded elastic solids is tested using an experimental configuration with a large transmitter and a small pointlike receiver. The experimental response, affected by well-known nonspecular effects near critical angles, is modeled fully by propagation of the full bounded pulse using a phase advance technique. This allows for visualization of the evolution of the bounded pulse with time and upon reflection. The modeled and the observed reflectivities and phase rotations, as measured along the specular path, agree well with observations even at post Rayleigh critical angles of incidence. Moreover, small amplitude deviations are accurately reproduced. The longitudinal and Rayleigh critical angles are obtained from the observed reflectivity curves and used to calculate the material elastic wave speeds, which are in good agreement with those measured directly. The density is also obtained by inversion of portions of the reflectivity curves where they do not significantly differ from the plane wave response. These tests validate use of the full phase propagation method to study such reflection problems.
I. INTRODUCTION
The reflectivity of acoustic waves from a fluid-loaded solid surface reveals much about the mechanical properties of the two distinct media. More precisely, contrasts in the elastic or anelastic properties between the two media bounding the surface are manifest by angle-of-incidence variations in the amplitude and the phase of a reflected wave. These variations together with observations at critical angles provide sufficient information to determine the physical properties. Consequently, acoustic reflectivity has numerous applications in nondestructive testing, 1 material property measurement, 2,3 medicine, 4 oceanography, 5 and even the exploration for hydrocarbons using seismic methods. 6 Formulas describing the angle-of-incidence reflectivity of a plane wave from the interface between two distinct media have existed for some time. Poisson in 1831 ͑as reported by Baron Rayleigh 7 ͒ and Knott 8 and Zoeppritz 9 before 1908 solved the problems of reflections between two fluids and two welded elastic half-spaces, respectively. Oddly, the plane-wave reflectivity of a fluid-solid interface does not appear to have been addressed until substantially later by Dana 10 and Ergin. 11 The results of these theories are relatively straightforward.
Unfortunately from the perspective of simplicity, most real testing situations employ acoustic transmitters and receivers of finite spatial dimension ͓Fig. 1͑a͔͒ and, for transient pulses, with limited frequency content. 12 Such finite transmitters produce either monofrequency bounded beams or transient bounded pulses that may be decomposed into a distribution of plane waves, some of which do not propagate in the same direction as the desired plane wave. This complicates their reflectivity and transmissivity, as measured along the expected specular reflection and transmission paths, in the vicinity of critical angles, 13 but most particularly near the Rayleigh critical angle where nonspecular reflections ͓Fig. 1͑b͔͒ manifest by an apparent lateral shift of the beam are observed. [14] [15] [16] [17] [18] [19] [20] [21] Schlieren photographs have long been used to qualitatively visualize this effect on monochromatic bounded beams since the 1950s ͑Ref. 15͒ and became popular in the 1970s. 18, 19 Recently, Declercq 22 applied this classic technique to a long bounded pulse and was able to obtain acceptable images of the wavefields averaged over a period of 2 s. Theories depending on a single homogeneous plane wave alone cannot describe the lateral shifts and zones of diminished amplitudes of a reflected real beam 23 and hence are of limited use in interpreting observed reflectivity curves particularly as the incidence angle approaches to the shear and Rayleigh wave critical angles. It is worthwhile to note, however, that much of the nonintuitive forward 24 or backward [25] [26] [27] lateral beam shifts can be explained by use of inhomogeneous waves if contrasts in attenuation or corrugated interfaces are considered. Quantitative modeling of beam reflectivity has relied on a variety of approaches that usually employ the Fourier transform often made analytically tractable by assuming a Gaussian profile beam 13, 17 or lately by numerical calculation resolved snap-shot images of a reflected beam that illustrate the complex wave field behavior at or near critical angles 30 on both flat and periodic 31 surfaces. There is a large literature that deals with both the underlying physics of the problem 21, 32 and on means to predict 2, 33 or negate 12 the bounded beam or pulse reflectivity. Much of the history of this problem is recently reviewed 26 with extensive listing of the literature. Lately, we have described a numerical approach for modeling the full wave field response of the transmitted 28 or the reflected 29 bounded pulse. Here, the numerical reflectivity responses are verified in a series of laboratory tests on blocks of low-loss elastic materials. The motivation for this testing was to ensure that a full understanding of the reflected wavefield behavior for this simpler elastic materials was obtained in order to lend confidence to the study of reflectivity from more complex materials. The Fourier-domain, wave-front propagation method developed is briefly described in Sec. II. A novel acoustic goniometer that employs a "large" ultrasonic transmitter and a "small" ultrasonic receiver is detailed in Sec. III. Comparisons of observed and modeled amplitude and phase responses are given in Sec. IV and in combination are used to provide quantitative measures of the materials studied. This comparison allows the uncertainties of the method to be assessed. The paper concludes in Sec. V with suggestions for improvement in the technique.
II. BOUNDED PULSE MODELING
A two-dimensional ͑2D͒ Fourier-domain phase propagation method is used to advance the wavefield ͑x , z , t͒ under the assumption that any out-of-plane components need not be considered. This assumption appears to be valid for the current tests as the out-of-plane dimension of the large transmitter is larger than the in-plane dimension. At any given time t and at z = 0 the 2D cross section of the wavefield may be decomposed into its component monofrequency plane waves ⌽͑k x , k z =0,͒ for each direction indicated by the wavenumbers k x and k z , where k f = ͑k x 2 + k z 2 ͒ 1/2 = / V f for each angular frequency , where V f is the speed of longitudinal waves in the fluid ͑here water͒. Consequently, ͑x , z , t͒ at any z is reconstructed according to the convention with the forward-Fourier transforms of time and space being negative and positive, respectively, as
where f͑t͒ in the integral represents the requisite phase advance to calculate the wavefield at z from that at z = 0. Equation ͑1͒ is modified to describe the reflected wavefield
where the reflection coefficient may be written in terms of wavenumbers 17, 34 R͑k with = f / s , k P = / V P , S c , k f = / V f , and . This last term is of course constant for all of the wave modes at a given angle of incidence and is independent of the frequency . The subscripts P and S indicate those wavenumbers associated with the longitudinal and the shear ͑transverse͒ elastic waves in the solid. The subscripts P c and s indicate the densities of the fluid and solid constituents, respectively. The corresponding phase shift upon reflection will depend on the value of the angle of incidence ͑or k x ͒ of each component of the wavefield according to 34 
Determining the reflected potential ͑x , z , t͒ requires knowledge of the initial input bounded pulse, the specular angle of incidence, the geometry of the experiment, and the material properties as here expressed via the various wavenumbers. The case of a wave incident in water to the surface of a copper alloy half-space, the physical properties being given in Table I , illustrates the complexities of even a simple plane wave reflection. The angle of incidence dependence of the plane wave reflectivity of a water-copper alloy interface ͑Fig. 2͒ displays a sharp peak at the longitudinal wave critical angle P c followed by a decline and final increase to complete reflection past the shear wave critical angle S c . The associated phase shift angle vanishes ͓although shown in Fig.  2͑b͒ as 360°͔ below P c , is only a few degrees for P c Ͻ P Ͻ S c , and rotates rapidly past S c nearly vanishing. One particularly interesting observation is that = 180°exactly when P is at the Rayleigh wave critical angle R c . Although Eq. ͑2͒ would allow for the direct calculation of the amplitude at a given point and may be sufficient for most analyses, valuable insight can be gained by studying the bounded pulse's propagation as time progresses. For purposes of illustration, the reflectivity of the bounded acoustic pulse initially 8 cm wide, discussed above, will be developed for the same water-loaded copper alloy half-space. The input pulse is the same as that directly measured near the transmitter. 28 Figures 3͑a͒-3͑c͒ show three frames as the bounded acoustic pulse at incident of 30°, less than the S-critical angle of ϳ40.5°. In this case, no apparent lateral shift or distortion in the reflected wavefield is readily apparent. In contrast, at the Rayleigh critical angle ͑43.97°͒, the character of the reflected bounded pulse differs substantially from that of the incident wavefield ͓Figs. 3͑d͒ and 3͑e͔͒. The nonspecular behavior of the wavefield is displaced to the right by about 6.8 cm, a value that is close to the width of the incident bounded acoustic pulse. Examination of Fig. 3 illustrates the difficulties that are encountered in making interpretable a reflected amplitude measurements, particularly in the vicinity of critical angles, and determining at which point to make the measurement of reflected amplitude becomes problematic. Perhaps the simplest approach is to make the measurements along the path that would exist for a pure specular reflection. Using the modeling approach described, the bounded pulse reflectivity versus angle of incidence for a point receiver located at the specular point ͑x , h͒ corresponding to the center of the transmitter ͑−x , h͒ may be compared to that analytically calculated for a plane wave 9 ͓Fig. 2͑a͔͒. The bounded pulse and plane wave reflectivity curves agree well except in the vicinity of the critical angles. The plane wave reflectivity at the P-critical angle of incidence has a sharp peak whereas that for the bounded pulse is more spread out due to the interference of its various wavenumber components. At more oblique angles and approaching the shear and Rayleigh critical angles of incidence, there is essentially no correlation between the bounded pulse and the plane wave curves. A large drop in the amplitude at the Rayleigh angle surrounded by zones where the reflected amplitude is actually greater than unity, noted by many workers, correlates with the zone of weak amplitudes seen along the specular path in Fig. 3͑f͒ . In the experiments to follow, it is a near point measurement of the wavefield along the specular path that is measured and modeled, as indicated in Fig. 1͑a͒ .
III. ACOUSTIC MEASUREMENTS A. Experimental configuration
Much of the experimental components have already been described 28 and need only briefly be rehearsed here. The photograph of Fig. 4 highlights the salient points and shows the large transmitter, the small receiver, the acoustic goniometer, and the sample block all of which are immersed in a tank filled with water.
Transducers
The transmitter is constructed from a large sheet of piezoelectric ceramic ͑PZT-840, American Piezo Ceramics Inc., Mackayville, PA͒ with dimensions 2.54ϫ 100 ϫ 76 mm 3 and with a resonant frequency of 0.78 MHz. The ceramic sheet is mechanically damped and upon activation by a 200 V, 5 ns rise-time step pulse produces an ϳ8 ms long pulse with useful signal between 0.2 and 1.2 MHz. The evolution of the freely propagating wavefield was characterized with distance from the transmitter by both modeling and observation and confirmed the applicability of the phase advance calculation method to the current tests. 28 The mapping of the distribution of amplitude and phase of the pulse produced by the large transducer was found to be uniform and this uniformity persisted. 28, 29 These showed that waveform character and amplitude measured at the center of the bounded pulse was unchanged to 30 cm. The specular reflection path in the measurements was less than this distance.
The active element of the small receiver consisted of a 2.01ϫ 1.9ϫ 1. receiver is close to the wavelengths of the acoustic wavefield ͑from ϳ7 to 1 mm͒. Over the dimensions of the receiver, the wavefield is expected to be uniform and as such the receiver makes essentially a point measurement. This response was sampled at a 40 ns period using a digital oscilloscope ͑Tek-tronix TDS 420A͒ and the final trace transferred to a computer for analysis. This receiver was found to be highly directional. This reduces the potential for out-of-plane arrivals to interfere with the observations. The advantages of the large transmitter and small receiver are that fewer transducer corrections are required, that a relatively uniform wavefield is propagated, and that this wavefield response is measured at a point. There are also large advantages with regards to the strength of the signal relative to ambient noise. A disadvantage of the large transmitter, however, is that its size limits the range of incidence angles that can be measured to a range of 12.5°-60°.
In later figures, the values of the amplitudes given are those of the peak of the amplitude envelope, i.e., the modulus of the analytic signal. The complex valued analytic signal f͑t͒ ͑Ref. 35͒ of a time series s͑t͒, which is here the observed or modeled waveform traces is f͑t͒ = s͑t͒ + iH͓s͑t͔͒, where R c is the Hilbert transform of s͑t͒. The amplitude envelope A͑t͒ is the modulus of f͑t͒. The use of the analytic signal instead of the direct waveform eliminates ambiguities in determining an amplitude from the waveforms whose character evolves due to the phase shift.
Goniometer
The goniometer consists of an aluminum circle that facilitates precise transducer alignment and positioning at the appropriate angles for each measurement. By design, this experimental setup records only the wavefield at the center of the reflected bounded pulse. The centers of the transmitter and the receiver remain at a constant distance along the specular path regardless of the angle of incidence. This reduces any geometrical spreading corrections that would otherwise be required. The incident and the specular reflection angles are directly measured on the scale with marks every 0.25°with a reading error of about 0.05°. The wavefield was measured at 0.5°intervals. Prior to a test, the alignment of the transmitter, the receiver, and the sample was tested using a laser placed alternately in either of the transducer positions with the beam reflected from the surface of the solid block. All of this was done in the water filled tank. The sample was always aligned with the horizontal diameter of the goniometer with its surface perpendicular to the plane of the goniometer.
B. Material descriptions
Blocks of a soda-lime glass, a copper alloy, and an aluminum alloy ͑Fig. 4͒ were chosen on the basis of their uniformity, their elastic isotropy, and their low attenuation. The blocks were flattened to better than 0.075 mm for the glass and 0.025 mm for the alloys. The physical properties of the three materials were measured independently. Density was obtained by weight and volume measurements. The longitudinal V P and shear V S wave speeds were obtained from the analysis of converted wave modes in independent pulse transmission tests of the blocks immersed in water similar to that described in our earlier tests. 28 The velocity errors reported are taken to be twice the standard deviation of the values so obtained. It should be noted that the redundancy afforded by inclusion of the reverberations in these low attenuation materials allows for the low levels of uncertainty in these direct measurements.
The physical properties of the water were also measured prior to each set of tests in order to properly account for potential differences due to room temperature or gas content. Gas may have been introduced to the otherwise distilled water by the filtration system. For all three tests, the density as determined by a densitometer did not vary significantly and was hence given a value of 995Ϯ 1 kg/ m 3 for the entire set of experiments. The longitudinal wave speed of the water was also measured by ultrasonic transmission at a variety of distances between the transmitter and the receiver. This too did not vary substantially. The results of these measurements are reported in Table II. With these observed physical properties of such material and assuming plane wave propagation, the Rayleigh wave velocity V R for a half-space may be predicted from the positive real zero of the well known expression
The three critical angles for the longitudinal wave P c , the shear wave S c , and the Rayleigh wave critical angle R c , expected in each experiment, may also be calculated via Snell's law 
These predicted values are also given in Table II .
IV. RESULTS AND DISCUSSION

A. Comparison of observed and modeled waveforms
Full suites of waveform traces for each of the samples were both recorded over the range physically allowed by the experiment as well as modeled by wave field phase propagation over the full range of angles. The observed waveforms for the water-aluminum test ͓Fig. 5͑a͔͒ show a great deal of consistency. In Fig. 5͑a͒ , the amplitude of the reflected wave is normalized by that of the incident wave. The waveforms for angles of incidence below P c = 28.5°, and also those above s = 33.0°have similar character. These represent zones of small or vanishing phase rotation as is expected from Eq. ͑2͒ ͓see Fig. 2͑b͒ for the similar case͔. The phase rotations are confirmed in the image of Fig. 2͑c͒ obtained from the unwrapped phase from the Fourier transform of each of the observed traces. Between these incidence angles, the large rotation of the phase between = 0°and 360°is manifest as a change in the waveform shapes.
The corresponding modeled set of waveforms calculated using the phase propagation technique ͓Fig. 5͑b͔͒ generally agree well with those observed ͓Fig. 5͑a͔͒. These appear less regular primarily due to snapping to the nearest digital sample in the numerically calculated wave field. Despite this, the only significant difference between the waveforms is in terms of slight time shifts and otherwise the modeling procedure faithfully reproduces the observed waveforms shapes.
Again, the traces in Figs. 5͑a͒ and 5͑b͒ have been gained to facilitate comparison of waveform character. However, it is just as important to study the amplitudes that would be obtained. The ungained observed ͓Fig. 5͑d͔͒ and modeled ͓Fig. 5͑e͔͒ waveforms are also displayed. The observed amplitudes display well the smoothed peak centered at P c and the complex oscillatory behavior in the vicinity of S c and R c . Although only semiqualitative, this comparison of amplitudes also supports the capacity of the phase propagation modeling method to recreate the actual observations. The modeled and observed bounded pulse amplitudes for this case are compared more quantitatively in Fig. 6͑a͒ together with the expected plane wave reflectivity. The expected differences between the modeled reflectivity of the bounded pulse and that for the hypothetical plane wave have already been mentioned. Similar effects are seen for all three cases here. This comparison shows, however, that while the essential features for the bounded pulse reflectivity remain similar, there are substantial differences in the detailed character. For example, the depth of the reflectivity value at the Rayleigh critical angle is substantially greater for the copper alloy relative to the glass. However, the modeled and observed bounded pulse reflectivity compare well. It is interesting to note in the zone past the Rayleigh critical angle where complete internal reflection is expected that the observed reflectivity weakly oscillates around the value of R͑k x ͒ =1. It was initially believed that this represented error due perhaps to scattered energy or other experimental difficulties. However, the modeled bounded pulse reflectivity matches even these small variations. The good comparison between the observed and modeled curves indicates the integrity of the experimental technique and supports use of the phase propagation technique in modeling of the reflected wavefield.
B. Determination of physical properties from observations
Although the physical properties of these materials have been independently measured, it is instructive to see how well the three elastic physical properties of V P , V S , and s may be determined from the observed reflectivity curves. In the solutions, it was assumed that the water w and V w were already known, and the desired solid properties were determined from the observed critical angles P c and R c , which correlate with the first peak and the deep trough of the reflectivities of Fig. 6 . The shear critical angle S c was avoided as examination of Fig. 6 does not indicate a general relationship between any easily selected feature in the reflectivity curves, although the second peak of this curve is generally close to S c . The observed values of the critical angles P c and R c from the curves of Fig. 6 are also provided in Table II in the rows designated as being determined from the reflectivity measurements R͑k x, ͒. With the prior knowledge of V w , these are converted into V P and V R with Eq. ͑6͒, and eventually also V s via Eq. ͑6͒. The resulting V P values agree with those directly observed but are much more uncertain than the direct measurements with, for example, the glass having an uncertainly of about 3.5% relative to the direct measurement of better than 0.2%. This reflects the difficulty in selecting P c along the smoothed amplitude peak. The Rayleigh critical angle R c is more confidently measured from the reflectivity with an uncertainty of only 0.1°and is converted via Eq. ͑6͒ to Rayleigh wave speeds with uncertainties less than 1%.
Despite claims that the shear wave critical angle S c can be measured directly from the reflectivity curve, 2 this does not seem feasible in the present experiments. The shear wave velocity V s was instead calculated using Rayleigh's solution ͓Eq. ͑5͔͒, and the values so obtained also agree well with those measured directly.
It is often important to know the density of the material but this cannot be obtained from measurements of the velocity only. The shape of the reflectivity curve ͓Eq. ͑3͔͒ depends on the ratio of the fluid and the solid densities and holds this information. Using the water density w , the solid density was calculated from the observed amplitudes over a 6°r ange of incidence angles centered between P c and S c using the modulus of Eq. ͑3͒ but avoiding those data near the critical angles. In practice, Eq. ͑3͒ was reformulated as a fourth degree polynomial in R that may be readily solved numerically. The unique solution is obtained by requiring Ͼ w . The rationale for his approach is that both the observed and modeled amplitudes for the bounded pulse reflection are in close agreement with the simpler plane wave solution of Eq. ͑3͒, as in indicated by examination of Figs. 2 and 6 . This approach yields density with an uncertainty better than 3.3% for the glass but less than 1.7% for the alloys.
V. CONCLUSIONS
An acoustic goniometer with a large transmitter and a near point receiver has been developed for the study of the acoustic reflectivity of water loaded solids. This configuration has numerous advantages with respect to analysis of observed waveforms, particularly in that the propagated beam is uniform over the length of the test and that difficult transducer corrections may be avoided. However, despite the large size of the transmitter, it is impossible to escape from the nonspecular reflection effects that arise due to the physical limitation of the transmitter, consequently, the propagating bounded pulse is composed of a distribution of plane wave components with differing wavenumbers ͑i.e., angles of incidence͒.
The modeling procedure developed in a sister contribution predicts well the amplitudes and phases of the reflected waveforms observed from three water-loaded elastic solid surfaces. Even fine details in reflectivity curves that were initially thought to be noise are reproduced. Analysis of observed reflectivities yields values for the longitudinal P c and Rayleigh R c critical angles, which in turn are used to determine the elastic wave speeds V P and V S with good certainty. The values of the wave speeds inferred from the reflectivity curves are in good agreement with those measured directly on the samples. The solid density is obtained by inversion, using the simpler plane wave expression, of those observed reflectivities away from critical angles. These values too are in good agreement with those directly measured. While the directly measured and the inferred wave speeds are almost all in correspondence with one another, the latter are more uncertain due to propagation of errors.
This contribution essentially describes the calibration of the current experimental configuration, although the methodology can be expanded to other similar systems. An advantage of the current modeling technique is that the details of the entire reflected wavefield are observed even though the wavefield is measured only along the specular path. The disadvantage of this approach is the computational effort required relative to more straightforward analytic approaches. Regardless, the characterization of the system and the strong agreement of the modeled and observed reflected responses, for this simplest case of a water-loaded isotropic and elastic solid, validates application of the technique to the study of the reflectivity of more complicated viscoelastic and porous materials.
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